We construct a missing-partner model for supersymmetric SU(5) GUT assuming the Peccei-Quinn symmetry, in which the SU(5) gauge coupling constant remains in the perturbative regime below the gravitational scale ∼ 2.4 × 10 18 GeV. The Peccei-Quinn symmetry suppresses the dangerous dimension-five operators for the nucleon decay much below the limit from the present proton-decay experiments. We also stress that due to this suppression mechanism our model can accommodate even the large tan β H (∼ 60) scenario which has been recently suggested to explain the observed value of the m b /m τ ratio.
Grand unified theories (GUT's) of strong and electroweak interactions [1] are based on the assumption of a large hierarchy between two mass scales, M GU T ∼
10
16 GeV and M weak ∼ 10 2 GeV. In constructing a realistic GUT model, a serious problem arises from a phenomenological requirement that the SU(2) L -doublet Higgs H f must have a mass of order of the electroweak scale to cause the breaking of SU(2) L × U(1) Y symmetry, while the mass of the color-triplet Higgs H c should be at the GUT scale in order to guarantee the observed stability of proton. This problem is not easily solved even in the supersymmetric (SUSY) extension [2] of GUT's, since an extremely precise adjustment of parameters in the superpotential is required to achieve such a large mass splitting of the doublet-and triplet-Higgs multiplets.
Although such a tree-level hierarchy survives quantum corrections, thanks to the cancellation in the SUSY theories [3] , the required fine-tuning of parameters seems very much unlikely.
The missing-partner model [4] for the SUSY SU(5) GUT is a well-known example in which the above doublet-triplet splitting is naturally obtained without fine-tuning of parameters. However, this model becomes strongly interacting below the gravitational scale M = M pl / √ 8π ≃ 2.4 × 10 18 GeV, since it contains somewhat high-rank representations of SU(5) for Higgs multiplets, 75, 50, and 50. Therefore, the perturbative description of GUT's is broken down before reaching supergravity.
A solution to this problem may be given if one puts the mass of 50 + 50 at the gravitational scale M. In this case, however, the color-triplet Higgses H c and H c have a relatively smaller mass M Hc ∼ M 2 GU T /M ∼ 10 (14−15) GeV which has been already excluded [5, 6] by the present proton-decay experiments [7] .
In this letter we show that introduction of the Peccei-Quinn symmetry [8] solves all problems mentioned above in the missing-partner model. 2 That is, the PecceiQuinn symmetry suppresses the H c -mediated dimension-five (D=5) operators [10] for the nucleon decay much well below the present experimental limit even for the relatively light color-triplet Higgses (M Hc ∼ 10 (14−15) GeV). We stress that this suppression also allows us to have a large tan β H (∼ 60) which has been suggested as one of the parameter regions giving the correct m b /m τ ratio [11] .
The original missing-partner model [4] in the SUSY-SU(5) GUT consists of the following chiral supermultiplets;
where i(=1-3) represents family index. In this model we incorporate a Peccei-Quinn symmetry U(1) P Q under which the chiral multiplets in Eq. (1) transform as
with 3α + β = 0. 3 These U(1) P Q charges are chosen such that the following superpotential is allowed,
and that the Peccei-Quinn symmetry is not broken by Σ = 0. Here, indices We add a new superpotential to Eq. (3),
To avoid that the SU(5) gauge coupling constant blows up below the gravitational scale M, we assume
In this letter, we take The 75-dimension Higgs Σ has the following vacuum-expectation value that
where
obtained from the superpotential Eq. 
The four SU(2) L -doublet Higgses, H f , H f , H ′ f , and H ′ f , remain massless. In order to break the Peccei-Quinn symmetry, we introduce a pair of SU(5)-singlet chiral multiplets P and Q whose U(1) P Q charges are chosen as P → e (3α+β) Q so that the following superpotential is allowed [12] 
We have a very flat scalar potential for P and Q as
As pointed out in Ref. [12] , the introduction of negative soft-SUSY breaking mass 4 ∼ −m 2 for P induces very naturally the Peccei-Quinn symmetry breaking 5 at the intermediate scale,
provided m ∼ 1TeV and f ∼ 1. 
through the Yukawa interaction in Eq. (10). 4 This negative soft SUSY breaking mass may be induced by radiative corrections from the j ij N i N j P interactions given in Eq. (16) . See Ref. [12] for details. 5 To generate non-vanishing vacuum-expectation value for Q, we have assumed the other soft SUSY-breaking term ∼ (m/M )P 3 Q (see Ref. [12] in detail). Here, Q denotes the scalar component of the chiral multiplet Q. 6 The breaking scale of the Peccei-Quinn symmetry is bounded by astrophysics and cosmology [13] as 10 10 GeV ≤ P , Q ≤ 10 13 GeV.
7 With this charge assignment for P and Q, the Higgses H f and H f receive a mass only from the following superpotential,
This gives a small invariant mass µ for H f and H f as µ ∼ 1GeV for P ≃ Q ∼ 10 12 GeV, which is not excluded for tan β H < √ 2 [14] . However, if one takes f ∼ 10 −4 , then P and Q are ∼ 10
13 GeV. In this case the invariant mass µ becomes O(1)TeV.
So far we have two independent charges α and β defined in Eq. (2) and hence there are two global U(1)'s. To eliminate one of them, we introduce right-handed neutrino multiplets N i (1) [15] . In fact, with two possible Yukawa couplings
we have only one U(1) P Q and the charge α is fixed as α = 3β. The Yukawa couplings j ij N i N j P in Eq. (16) induce Majorana masses for the right-handed neutrino multiplets N i , with P = 0. Interesting is that the Majorana masses for the right-handed neutrinos are expected to be O(10 11 ) GeV, which naturally induce very small masses of neutrinos through the cerebrated see-saw mechanism [16] in a range of the MSW solution [17] to the solar neutrino problem.
The color-triplet Higgses have an off-diagonal element in their mass matrix as
The baryon-number violating D = 5 operators [10] mediated by the color-triplet
Higgses are given by in the present model (see Fig. 1 (a))
Notice that those in the minimum SUSY-SU(5) GUT are given by (see Fig. 1 
Thus The running of the three gauge coupling constants at the one-loop level is given by the following solutions to the renormalization group equations [18] ,
where α 5 ≡ g 
5 from Eqs. (20-22), we obtain simple relations [5, 9] :
(5α
Notice that the last terms in Eqs. (24, 25) come from the mass splitting of Σ(75), which makes a crucial difference between the previous and the present models.
9
To perform a quantitative analysis, we use the two-loop renormalization group equations between the weak and the GUT scales. Instead of the common mass m SU SY of superparticles we have used the mass spectrum estimated from the minimum supergravity [5, 19] to calculate the one-loop threshold correction at the SUSYbreaking scale. Using the experimental data α −1 (m Z ) = 127.9 ± 0.2, sin 2 θ W (m Z ) = 0.2326 ± 0.0008, and α 3 (m Z ) = 0.118 ± 0.007 [20] , 10 we obtain
This should be compared with the previous result in Ref. [9, 5] , 
However, we use the old data in the text for a comparison with the previous result. D=5 operators in our model can be suppressed by a factor ∼ 10 −4 compared with in the previous model. 12 When tan β H is large, the D = 5 operators for the nucleon decay are proportional to tan β H [5, 6] .
We show the evolution of the SU ( [20] for the initial condition. We assume the SUSY-breaking scale ∼1TeV.
Fig. 3
The lower bound of the superparticle masses from the negative search of the nucleon decay [7] . The horizontal axis is the wino mass and the vertical line the sfermion mass. Here, M Hc and M H c are taken at 10 15 GeV, and M H ′ f at 10 10 GeV.
We take tan β H =60 for the ratio of the vacuum-expectation values, H f / H f , and β = 0.03GeV 3 for the hadron matrix element. We also show the lower bound in the minimum SUSY-SU(5) GUT by the dashed line, taking 10 17 GeV for M Hc and the same values for the other parameters. The dotted line is the lower bound of the chargino mass from LEP [24] and the dash-dotted line that of the squark mass from CDF [25] .
